The kidneys of 43 male Sprague-Dawley rats, mostly 12-18 months old, were examined by electron microscopy. Paraffin sections stained with the allochrome procedure and thick epoxy sections stained with toluidine blue were used to select sites of nephrotic changes. Protein levels in urine were monitored periodically. The basement membranes of affected nephrons showed a two-to threefold thickening in the capillary loops and Bowman's capsule. Epithelial cells in the glomeruli underwent compensatory changes of hypertrophy, fusion of foot processes and occasionally microvillar transformation. Dense granular material as well as protein absorption droplets formed in the epithelial cells. Epithelial cells of proximal convolutions atrophied and disappeared as the basement membrane thickened to several micrometers. An increase of dense bodies, granular material, and focal cytoplasmic degradation was observed in these cells. The ongoing irreversible deterioration of scattered nephrons suggested the designation of chronic progressive nephrosis for this common disease of Sprague-Dawley rats over I year old.
SAXTON and KIMBALL [10] , in 1941, first linked the curious abundance of protein in the urine of older albino rats to the occlusive destruction of individual nephrons by albuminous casts. Their observations were made in male rats, 200-450 days old, of the Yale (Osborne-Mendel) strain, although the disease has since been shown to be a major pathologic entity in most strains of albino rats. The lack of agreement as to its development has been reflected in the broad range of nomenclature applied to the disease [1- 3, 6, 11, 12] .
From several years of study the authors [4, 5] have associated certain histological features with the progressive loss of nephrons in older Sprague-Dawley rats. These changes consist of cast formations in the distal and, to a lesser extent, in the proximal parts of the tubules; thickening of basement membranes of the glomerular tufts, Bowman's capsule and of the proximal convolutions; atrophy of proximal segments of the affected nephrons; and late influx of lymphocytes. Mild focal hyperplasia of the epithelial lining cells in less affected nephrons has also been noted occasionally. In our experience, this degenerative disease has not been related to lesions in the renal blood vessels outside the glomeruli.
The extent of these changes overall in the kidneys of an individual rat has been shown to be statistically correlated with a proportionate increase in protein in the urine [5] . By 18 months of age, 40 of 55 Sprague-Dawley male rats excreted more than 5 mg of protein in I ml of urine; 10 of these excreted more than 20 mg/rnl. The excretion values were lower in Sprague-Dawley females; only three of a group of 25 of this age excreted more than 5 mgjmI.
The progressive ultrastructural changes that occurred in the glomerulus and proximal convolution were studied. Especially, we were concerned with elucidation of the initial morphologic events in the deterioration of an individual nephron. No systematic study was made of the ultrastructural changes in the medulla that occurred secondarily to the formation of casts in the distal tubule. Rats with various stages of kidney degeneration were studied. The degree of change in a transverse section of an affected kidney usually was not uniform. Areas studied by electron microscopy were selected by light microscopy. Hence changes appropriate to the study of pathogenesis were observed in slightly affected rats with slight proteinuria as well as in severely affected rats with marked proteinuria. Young mature rats (200 g) were also examined for a basis of normal ultrastructure. No descriptions of the kidneys of these rats were included because such information is widely available.
Materials and Methods
This study was based on the examination by electron microscopy of the kidneys of 43 male Sprague-Dawley rats (Upj: TUC(SD)spf). Most of the rats were 12-18 months old, however, six were selected as young rats under 200 g in body weight. These rats were caged individually and given a free choice of water and Purina Rat Chow'". Protein in urine was monitored on occasion during the life of individual rats from samples collected during a 24-hour period when the rats were held in metabolism cages. Protein in urine was determined by the sulfosalicylic acid (5%) turbidimetric method of KINGSBURY [71. The distribution of urinary protein excretion values of Sprague-Dawley rats at 9 and 18 months of age was previously reported [5] .
A transverse slice through the papilla of both kidneys was fixed in either Bouin's fluid or [0% formalin. Paraffin sections were stained with hematoxylin and eosin (HE) and with Lillie's allochrome stain [8] . The latter was used for the overall evaluation of the extent and thickness of basement membrane changes. The degree of change was graded from <I + to 4+ according to a system used in an earlier study [4] .
Simultaneously, selected pieces of cortical tissue were diced and fixed in 2% glutaraldehyde for about 1.5 h. After holding overnight or longer in several changes of 0.1 M phosphate buffer, they were postfixed in 1% OsO,. Graded alcohols were used for dehydration, and epon 812 was used for embedding. Thick sections stained with toluidine blue were used for selection of cortical areas of ultrastructural study. Thin sections were stained by the method of Reynolds with lead citrate and with uranyl acetate (0.2%) and photographed in an RCA EMU-3H electron microscope.
Results

Light Microscopy
The glomerular changes were consistent in kind but variable in degree. Most kidneys contained few to many glomeruli that appeared normal. Typically, glomeruli selected for study showed noticeable thickening of basement membranes. Bowman's space was more or less obscured by the swollen glomerular tufts (fig. I). The capillary lumina usually appeared slightly dilated and somewhat congested. Individual tufts were less distinct as a result of hypertrophy of epithelial cells. Fine granules were present in some epithelial cells. Occasionally adhesions to the thickened Bowman's capsule were formed, and slight proliferations of parietal epithelium were detected. Mesangial areas were conspicuous by their greater density and nuclear prominence.
Cast formations seldom extended proximally into Bowman's space. Neither polymorphonuclear phagocytes nor lymphocytes and mononuclear cells were found in degenerative glomeruli. Occasionally a glomerulus with shrunken adhered tufts was seen.
Contiguous sections of proximal convolutions were atrophied and irregularly contoured by thickened folded basement membranes ( fig. 2 ). Nuclear preservation was made conspicuous by the condensation of cytoplasm of the epithelial cells. The lumen of such an isolated segment of an affected nephron collapsed, and gradually the epithelial cells disappeared so that only the thickened basement membrane remained as a tubule marker. Dense granulation increased in surviving cells; with the allochrome procedure, some of the granules were shown to be periodic acid-Schiff (PAS) positive and were considered to be protein absorption droplets.
Distal segments of affected nephrons deeper in the cortex and medulla were usually dilated and often were distended with PAS-positive casts. In toluidine-blue-stained epoxy sections, some casts appeared homogeneous, and others showed uneven density with a somewhat swirled pattern ( fig. 3 ). Th e tubular epithelium was typi cal ly flattened , but occas iona lly slight hyperpla sia of t he lin ing cells was sho wn. Mi ld interstiti al collecti o ns of lymp hocyte s a nd , to a lesser exte nt, mono nuclear phagoc yte s were present a mo ng th e degenerati ve t ub ules. Occ asio nally , th ese ce lls were see n wit hin t he t hickened fo lded ba sement membranes of pr oxima l co nvo lutio ns . An inc rea se of fibr oblasts also occ urred in ar eas of tub ular dam age.
Electron M icroscopy
Affected glomeruli character istically showed a diffuse, two-to t hreefold incre a se in th ickness of the ba sement membranes o f the ca pilla ry wa lls. Fig . I . Bo wm a n' s capsule o f t he glo me ru lus is thi c ken ed. The ur inary space has bee n o blite ra ted by swollen capi llary lo ops. Increased den sities a re a lso sho wn in the mesan gia l areas . Epo n, to luidine blu e . Fig. 2 . A cortica l a rea sho ws a troph ied pro xim al tubules (pro bably c ro ss-sec tio ns of t he sa me tu bu le) isol at ed by thi ck e ned , folded basem e nt me mb ra nes. Epo n, to lu id ine blu e. were not seen either within the basement membrane or on its endothelial or epithelial surfaces.
The basement membrane of Bowman's capsule increased to 4 urn or more in thickness in some glomeruli ( fig. 4 ). The membrane tended to split longitudinally and was more uneven along the borders. Strands of matrix and slight fibrillar structure gave lesser uniformity to the membrane. Small numbers of collagen fibers and occasionally dark granules and cytoplasmic remnants also contributed to its composition.
Much of the urinary space was filled with hypertrophied epithelial cells ( fig. 5 ). In some cells, the ground substance appeared edematous. The foot processes became fused and obliterated by the swelling of the epithelial cells. Slight villous transformation of the cell surface occasionally occurred. Layers or patches of dense granular material, in addition to the so-called foot process material, were frequently present in the ground substance. A layer of this dense material was occasionally found about the basement membrane of a capillary loop in the former position of the foot processes ( fig. 5 ). Some epithelial cells contained very dense droplets, usually 1 urn or less in diameter ( fig. 4 ). Poorly defined granular bodies were also seen in these cells. Organelle structure in the epithelial cells appeared to be well preserved.
No widening or increased cellularity of the mesangial areas was shown. Similarly, the endothelial cells appeared to remain relatively unchanged. A granular precipitate was usually present in the capillary lumina and urinary spaces.
The basement membrane of the proximal convolution, which normally is intermediate in thickness between that of a capillary loop and Bowman's capsule, was also subject to increase in thickness. The thickening was often uneven, and wavy indentations were formed in the basal parts of the proximal tubule cells. This was the thickest part of the basement membrane of an affected individual nephron. Membranes several micrometers in thickness buckled and folded as the tubule atrophied ( fig. 6 ). Inclusions of cytoplasmic remnants were common among the split parts of the membrane.
The epithelium of the proximal convolutions showed a progressive increase in dense bodies ( fig. 6 ). These were variable in appearance and mostly resembled Iysosomes. Some that were uniform and dense were considered to be protein absorption droplets. Dense bodies also increased in the distal segments of the nephron. In the basal part of some proximal cells, apposed to the basement membrane, dense material was occasionally layered. The accumulation appeared restricted to individual cells in some cases but in others was distributed in several adjacent cells. An increase in vacuoles was Fig . 6 . A n a tro ph ied seg me nt of a pr o xim al convo lute d t ub ule iso lated by a great ly thi c ken ed (4 urn ) baseme nt me mbrane. T he crowde d epi thelia l ce lls a re degenerate an d ha ve large numbers of de nse lysoso me-l ike bo d ies a nd co nsp icuou s focal cyto plas m ic degradat ion , Man y of the orga ne lles, including the nuc leus, arc fairl y normal. The thi cken ed baseme n t mem bra ne has a te ndency to fol d a nd s plit pa r tia lly away from t he tub ule, A few lym ph ocyt es and m ac ro ph a ges ha ve inva ded be tween the t ubu le a nd its basem ent m ernbranc. Urany l acetate a nd lea d c itr ate , shown in so me cells. Swo llen mitoch on d ria were seen, but th e organe lles were usu ally preserved. A n occas io na l cell co ntai ned a few lipid d roplet s.
Epi thelia l cells in t he proxima l convo lutio ns of affected neph ron s unde rwen t grad ua l a tro phy. The nu clei and cell mem bra nes rema ined intact but a loss of cytoplasm was noticeable. Loss of microvillar border at the cell surface and closure of the lumen also occurred. Irregular dense granulofibrillar masses resembling focal cytoplasmic degeneration were often present in surviving atrophied cells. Occasionally these masses included several Iysosomes and occupied a sizeable portion of the cell. In advanced atrophy, the proximal convolution was reduced to a few cells, more or less in a linear arrangement, and eventually the epithelial cells disappeared within the folds of the thickened basement membrane.
Discussion
Cast formations are occasionally present in the kidneys of male Sprague-Dawley rats only a few months old. The definitive changes occur frequently after 1 year of age and continue progressively, affecting one nephron or group of nephrons after another during the remaining lifespan of the rat. Eventually most of the nephrons in both kidneys may be affected. With light microscopy, the exaggerated formation of proteinaceous casts is impressive. Staining with PAS shows a close relationship of cast formations in nephrons with thickened basement membranes. The term nephrosis is fitting as the process is degenerative rather than inflammatory, but nephrosis in the rat is also quite specific in its pathogenesis, and the involvement is widespread along the unit nephron. The term obstructive nephropathy [12] would seem appropriate if the destruction of nephrons is viewed wholly as a result of cast formations. Study of the ultrastructural changes in this disease, however, has supported the prior hypothesis [4] that the basic lesion resides in the deterioration of the basement membrane of the nephron. The resultant changes are largely those adaptively made by epithelial cells to the excessive leakage of protein in the glomerular filtrate and those that destructively follow the formation of proteinaceous casts in the distal part of the nephron. The deterioration at various levels of a nephron may progress slowly, but observations indicate that the changes are irreversible. The extended duration and the increasing severity with age of this disease have suggested chronic progressive nephrosis as the most appropriate designation.
The function of visceral epithelium of the glomerulus is stimulated when increased quantities of protein permeate the capillary basement membrane. Compensatory changes in the epithelial cells, such as hypertrophy, fusion of the foot processes, increased formation of hyaline or protein absorption droplets, and microvillar transformation of the cell surface occur commonly in chronic progressive nephrosis. Electron microscopy has not shown how increased permeability of the thickened basement membrane to protein occurs. MISRA and KALANT [9] have shown by chemical determinations that the amount of the basement membrane material is not increased during experimental production of proteinuria. They therefore concluded that the membrane thickening and increased permeability result from a change in organization of the membrane at the molecular level.
The experimental lesions of autoimmune and aminonucleoside nephroses in the rat are quite similar to those that an individual rat may develop spontaneously in later life. It is pertinent, however, that no acute inflammatory process, such as the appearance of polymorphonuclear phagocytes in the glomerular capillaries, has been seen in this chronic nephrosis. Neither have the characteristic 'lumps' of autoimmune nephrosis of the rat nor the 'humps' of acute proliferative glomerulonephritis in man, both of which have been associated with the presence of complement, been seen in the basement membranes of glomerular capillaries of rats with chronic progressive nephrosis.
The ongoing deterioration of individual nephrons gives chronic progressive nephrosis its morphologic and functional characteristics. Much of the pathogenesis in the albino rat appears to be based on the slow simultaneous thickening of the continuous basement membrane of the glomerular tufts, Bowman's capsule and proximal convolutions of a unit nephron. The acceleration of the disease, as monitored by protein in urine values, in turn reflects the increase in affected nephrons. The excretion of protein in an affected nephron probably increases with the initial thickening and ultimately decreases as the proximal convolutions atrophy. How thickening of the basement membrane of the proximal convolutions contributes to proteinuria is not well understood.
